The diffraction in the acoustic field of an ultrasound transducer can be modeled as the result of the interference of edge and plane waves generated from the periphery and the center of the piezoelectric element, respectively. Our objective in developing ultrasound transducers with apodized piezoelectric ceramic discs was to generate acoustical fields th reduced edge waves interference. Transducers were built with apodized ceramic discs (polarized more intensively in the central region than in the edges) and their mapped acoustic fields showed a distinct pattern when compared to those of conventional transducers. A polynomial equation describing the nonlinear poling field intensity, was used with the Rayleigh equation to Simulate the nonuniform vibration amplitude distribution generated by the apodized transducers. Simulated acoustic fields were compared to experimental field mappings. The results of simulations and experimental tests showed reduction in the lateral spreading of acoustic fields produced by apodized transducers, compared to those produced by conventional transducers. The reduced presence of the lateral lobes in the apodized acoustic field is due to the minimized vibration of the disc peripheiy. The numerical and experimental results were in good agreement and showed that it was possible to reduce acoustic field diffraction through nonlinear polarization ofthe piezoelectric element.
iNTRODUCTION
The pulsed field ofa circular ultrasonic transducer can be described by the interaction of its two components: plane waves, radiated from the whole face ofthe transducer, and edge waves, radiated from its edge. The diffraction in the acoustic field can be modeled as the result ofthe interference ofedge waves and plane waves, and defines the near field (characterized by maxima and minima) and far field regions ofthe acoustic field"2.
Transducer apodization has been StUdied intensively with researchers looking for ultrasound fields without diffraction in the near field of the transducers or ultrasound fields with special characteristics like Gaussian fields3 or X-fields4. The apodization term is used in the literature to describe the acoustic field formatting. In order to reduce diffraction effects, several methods are reported, like the use oflenses5, the use of distinct electrical voltages pulses to selectively excite parts of the piezoelectric element(s)6, and the use of non-linear polarized piezoelectric element(sf. It is highly desirable to obtain ultrasound transducers vith good lateral resolution over a large depth of field and without lateral lobes, if we intend to obtain medical images and/or perform materials testing.
We have been studying acoustic field apodization for several years with the otecfive ofdeveloping ultrasound transducers with apodized piezoelectric ceramic discs. In our work we produced apodized piezoelectric ceramic discs (single element, 1mm thick 6.35mm radius) by the use of non-linear electrical poling field, in a way that the ferroelectric dipoles in the central region ofthe disc are strongly oriented by the poling field, and the dipoles in the edge ofthe disc are less intensely oriented We investigated the poling process of piezoelectric ceramic discs with various electrode formats to achieve an ideal electrical field intensity proffle, that would result in a ceramic disc that Vibrates more intensely in the central region than in its periphery. To define the ideal poling proffle we performed finite element method simulations. Then we apodized ceramic discs and constructed the transducers. The apodization process and the performed tests were described in previous work8
Correspondence : e-mail: averadeb.fee.unicamp.br, b 
133
Poling electrode diameter =10mm
2.00 4.00 6.00
Lateral Distance (mm)
A spherical electrode with 10mm diameter was chosen to substitute the conventional surface deposited electrode. A 2kV voltage was applied to the spherical electrode, placed in the center of the disc face that had the orina1 electrode removed, and the other face (deposited electrode) was grounded Poling electrodes with diameters greater than 10mm would produce an electrical poling field with almost the same intensity all over the ceramic (figure 1 (b)), and poling electrodes with diameter smaller than 10mm would polarizejust a small part ofthe ceramic disc (figure 1(a)), resulting in weak acoustical pulses. The FEM simulations also provided the graphical representation of the distribution of electrical dipoles along the ceramic disc radius. In figure 2 we can see that electrical dipoles are more concentrated in the central region of the disc and that their intensities are greater than those of the disc edge.
The FEM simulations allowed us to determine a fifth degree polynomial equation that describes the nonlinear poling electric field intensity inside the ceramic disc, as a function of its radius. This polynomial equation was used, in our present work, with the Rayleigh equation to simulate the acoustic field produced by the non-uniform vibration amplitude distribution of the apodized transducers. We have perfonned simulations using Matlab (Mathworks Inc.) and C language programs of apodized and non-apodized acoustic fields and compared them to the experimental field mappings. 
Experimental results
Ultrasound transducers were built with commercial, conventionally polarized, ceramic discs, and with apodized ceramic discs. The apodized discs were polarized with a 10mm diameter spherical electrode and were expected to vibrate more intensively in their central region than in their edges, producing ultrasound fields with less diffraction effects.
The resultant acoustic fields of apodized and non-apodized transducers were mapped in a water tank, using a punctual hydrophone, and showed that it was possible to reduce the diffraction interference by modifying the polarization of the piezoelectric ceramic discs. Figure 3 shows the field mapped along the acoustical axis (Y axis) for two transducers: one constructed with commercial ceramic (b) and one constructed with the apodized ceramic (a). Figure 4 shows the acoustical field mapped on XX plan for these transducers. iiio.15 Comparing the ultrasound fields mapped for both transducers, the apodized transducer showed an ultrasound field with less side lobes and larger depth of field that is evident in the -3dB and -6dB contour plots ofthe field.
-3dB. 
Acoustical field simulations
The radiated field of a planar vibrating source (uniform motion) in an infinite rigid baffle can be expressed by the The equation to calculate the pressure of sound in the field point P. in a fluid of density p. can be expressed as:
( 2) The function velocity of the piston can be expressed as the convolution of the velocity of the piston and the delta function:
Equations (1) and (2) can be rewritten as:
q(R,t) = v(t)*q1(R,t) Equation (5) can also be expressed by:
P(R, t) = p'J., (R, 1) *
Equation (6) allows the calculation ofthe acoustic pressure due to any arbitrary velocity function. For a sinusoidal excitation ofthe ultrasound transducer, the velocity ofthe piston is:
To introduce the apodization effect in the transducer surface movement, we have multiplied V0 by the normalized filth degree polynomial equation Obtained from the apodization REM simulations, that describes the polarization electric field intensity proffle inside the ceramic disc:
Vapdized Vo+ 12.09 . 103r -45.1 • 103r2 + 33.8 • 104r3 +8.6 • 1Or4 -9.05 i05r5) (8) where: r = thedistance from the center ofthe piezoelectric disc to dS (minimum value = 0mm, and maximum = 6.35mm, radius ofthe disc).
Vapodized 5 a function of r . Its maximum value is V0 (center ofthe disc, r 0mm ) and it decreases toward the edge of the disc, where the polarization was less intense than in the center.
A different apodization pattern can be described by a gaussian profile, described by equation (9):
where:
r(i) = distance from the center ofthe piezoelectric disc to a position i along the radial distance a = ceramic disc radius Figure 5 shows the two distinct patterns of apodization, gaussian (equation ( 9)) and the one described by equation (8) .
Both are able to produce non-uniform velocity potential distribution over the ceramic disc, plotted as function its radius. Lateral Distance (mm) Figure 5 . Non-uniform potential velocity profiles: the apodization produced by the spherical poling electrode (a)and the gaussian velocity distribution (b).
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The polynomial apodization produces a non-uniform velocity potential similar to the gaussian proffle from 0 to 4mm away from the center of the transducer. From this point on, the polynomial apodization maintains the poling electrical field intensity above 50% ofthe maximum amplitude, while the gaussian apodization decreases rapidly. Figures 6 and 7 show the acoustic field simulations using equation (6), where v(t)was replaced by equation (10): 
DISCUSSION AND CONCLUSION
The simulations showed a reduction in the lateral spreading of acoustical fields produced by the apodized transducers, compared to those produced by conventional transducers. The same effect was also verified in the experimental tests. The reduced presence of the lateral lobes in the apodized acoustical field is due to the minimized vibration of the periphery of the apodized ceramic disc that reduced the edge wave components.
The larger depth of field showed in the experimental field mappings of apodized transducers was not predicted by the acoustical field simulations when we used the convolution method. In our opinion, this is due to our model that do not incorporated the movement resthctions of the edge of the ceramic disc, inherent to the real transducer. It also did not account for the backing element ofthe real transducer.
The numerical and experimental results performed with one element transducers were in good agreement and showed that it is possible to reduce the dilfraction on acoustic fields, through the nonlinear polarization of the piezoelectnc element.
Further experiments with apodized transducers will be carried out in order to evaluate the apodization effect on the ultrasonic image quality.
